In this work a two-step procedure is reported for the formation of ZnO/porous silicon (PS) composites in which ZnO is embedded in the pores of sponge like mesoporous silicon. The procedure consists of an isothermal annealing of the PS layer in Zn vapors using a close space configuration and a subsequent oxidation of the Zn infiltrated in the pores. The oxidation agent and the annealing duration are optimized for a complete oxidation of the infiltrated Zn. Structure, morphology and composition of the samples were characterized by X-ray diffraction (XRD), extended X-ray absorption fine structure (EXAFS), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), Rutherford backscattering spectrometry (RBS) and photoluminescence (PL). The ZnO/PS composite was observed to exhibit a broad luminescent band covering almost all the visible range.
Introduction
Porous silicon (PS) has received a lot of interest after the discovery by L. T. Canham [1] of its efficient luminescence at room temperature, which makes PS a promising material in the field of optoelectronics. Furthermore, the nanometric size of the pores allows its use as template for fabrication of nanostructures [2] [3] [4] [5] . On the other hand, the internal surface of PS can be as high as 1000 m 2 /cm 3 and its refractive index can be tuned depending upon its porosity and the embedded material. All of these properties make the PS promising in sensor technology [6] [7] [8] .
Infiltration of ZnO into PS is primarily motivated by potential applications of ZnO in the field of optoelectronics, due to its wide band gap of 3.37 eV at 300 K. The efficient luminescence and functionality of ZnO nanostructures make them useful in several applications such as UV luminescence devices [9] , piezoelectric devices [10] , ZnO -based transparent thin-film transistors [11] , chemical sensors [12, 13] , photovoltaic devices [14] and solid state lighting technology [15] . Usually, white emission is obtained by combining LEDs emitting in the blue, green and red region of the electromagnetic spectrum. However, a broad band in the entire visible range, due to the coupling between UV and yellow-green emission of ZnO with the red one of PS, has been observed in ZnO/PS structures [16, 17] .
ZnO has been grown on top of PS using sol-gel [3] , electrochemical deposition [18] , pulsed laser deposition [17] , spray pyrolysis [19] and sputtering [20, 21] . However, up to the best knowledge of the authors, ZnO infiltration inside the pores has been demonstrated only by using a combination of sol-gel deposition and annealing [22] . In fact, special provisions have to be taken for the infiltration of mesoporous materials because pores entrance obstruction can prevent the completion of process. In the case of sponge-like mesoporous silicon, infiltration becomes particularly difficult due to the irregular and intricate arrangement of the pores. In this paper, we propose a two-step procedure consisting of using isothermal close space sublimation (ICSS) [23] for the Zn infiltration and then vapor transport of water for its subsequent oxidation. The advantage of this method is that the experimental setup is simple, inexpensive and does not require toxic precursors like other techniques [18, 24] .
Experimental
PS layers were prepared by electrochemical etching of monocrystalline p + (100) silicon wafers (resistivity of 0.05-0.1 Ωcm). Details of the preparation of PS can be found elsewhere [2, 25] . The applied current density and the anodization time were 150 mA/cm 2 and 20 s respectively. Under these conditions, a homogeneous sponge-like mesoporous silicon sample is obtained with pores diameter of a few nanometers [25, 26] . To study the influence of the oxidation of PS prior to the growth experiments, some samples were subjected to a chemical etching in a H 2 O:HF (5:1) solution for 10 s.
The ZnO/PS composite was prepared following the two-step process mentioned above. First, PS films were exposed to Zn vapors by placing small pieces of Zn (99.99 %, provided by GOODFELLOWS) into a circular hole of a graphite crucible that was covered with the PS sample. This kind of isothermal annealing, for which PS is at the same temperature than the Zn source, prevents for uncontrolled and rapid deposition of Zn into the PS surface. In fact, in this regime, a very thin Zn layer is adsorbed in the exposed (outer and/or inner) PS surfaces promoting the Zn infiltration. In contrast, a regime with a large disequilibrium between source and substrate (i.e. a large temperature gradient as in thermal evaporation for example)
would cause the obstruction of the pores entrance and the growth of a Zn film on top (and not inside) of PS. Even though the amount of Zn per unit area is very low due to the equilibrium conditions of the Zn annealing, this is compensated by the large specific area of PS leading to an appreciable amount of embedded Zn as will be discussed below. The preparation conditions are shown in 16 O resonance at 3038 keV [28] . In this case the spectra were fitted using the DataFurnace code [29] to obtain the depth composition of the sample.
X-ray diffraction (XRD) patterns in Bragg Brentano configuration were taken using a Siemens D-5000 powder diffractometer with wavelength () corresponding to Cu K 1 radiation. Extended X-ray absorption fine structure spectroscopy (EXAFS) was performed at the SpLine in the European Synchrotron Radiation Facility at Grenoble, France. The calibration of the photon energy was performed on the Zn absorption K-edge spectrum with a reference sample of pure Zn (measured under the same conditions of the sample studied in this paper). The processing of the experimental data was performed using the Athena program, which allows energy correction, background subtraction and normalization of the data to give the EXAFS signal   k χ . Micrographs and energy dispersive spectroscopy (EDS) were performed in a Quanta 3D FEG-FEI JSM 7800-JEOL scanning electron microscopy (SEM).
Photoluminescence (PL) measurements were carried out using the 325 nm wavelength HeCd laser line (maximum output power of 16 mW), as excitation source. The sample emission was focused into an Acton SpectraPro 2500i spectrograph and detected by a photomultiplier tube. All the spectra were corrected taking into account the spectral response of the system. Crystallite sizes of 10 and 24 nm were calculated for samples A and B, respectively. Both samples were prepared following the same procedure except that sample B was subjected to a chemical etching before the infiltration of Zn. It is known that after porous silicon formation the inner surface is rapidly oxidized. noting that due to the small amount of Zn, the statistics of the Zn portion of the spectra is poor and as a result the calculated amount of Zn has to be considered as an estimative value with a relative uncertainty probably higher than 10%. Assuming that the layer is actually made of a mixture of Si, SiO 2 and ZnO formula units (FUNs) the corresponding percent values were found to be 13.2 %, 84.9 % and 1.9 %, respectively.
The presence of Zn in the PS matrix was also verified by SEM and EDS measurements. Fig.4 shows a top view image of sample C. Some of the pores emerging at the surface are clearly observed which proves that the pores entrance was not completely obstructed by the ZnO infiltration. On the other hand, the presence of Zn is verified by the EDS spectrum in the inset of the figure. The average atomic percent values of Zn, Si and O were around 0.8, 40.5 and 58.7 %, respectively, in relatively good agreement with RBS results. A cross sectional image in a cleaved sample is shown in Fig. 5 together with the EDS compositional profile. It can be observed that a small amount of Zn is distributed along the whole thickness of the PS layer and, similar to RBS results, the concentration of Zn is almost constants across the layer. The thickness of this PS layer was around 1.02 µm.
The thickness of the sample (d) can be also evaluated through the RBS spectra using:
Where ∆ is the areal density (proportional to the thickness), and ̅ is the average atomic density of the film. Considering a compact layer, the average FUN density ( ̅ ) is:
Here , , The relation between ̅ and ̅ is given by:
Where and are the atomic fractions of Zn and Si, respectively. A detailed deduction of Eq. 2 -4 is presented in the Appendix.
Using eqs.1-3 a thickness of 523 nm was obtained for sample C, much smaller than the one observed in the SEM image. This is because, in determining the thickness using eqs. 1 and 2, a compact sample was considered without taking into account the existence of a remaining porosity after the infiltration. Then, we can estimate the porosity ( ) of PS after infiltration of ZnO considering that the total volume of the sample is occupied by the ZnO, SiO 2 and Si compounds plus a void volume. The thickness is expressed as in eq. 1 but the average FUN density is given now by:
Using eqs. 1, 3 and 4 we obtain a porosity of 49 % for sample C after the ZnO infiltration, while a value of 72 % was calculated [32] for the virgin PS. The fact that certain porosity remains after infiltration is in agreement with the used procedure for the infiltration. Table II . Fig. 6 shows the photoluminescence spectra of a virgin PS sample together with the spectra of samples C and D. As can be seen, the virgin PS shows its typical red emission. This red luminescence is related to quantum confinement of silicon nanocrystals or, for nanocrystals of sizes below 3 nm, with transition of carriers trapped in localized gap states associated with the presence of oxygen [33] . After the infiltration of ZnO into PS, for sample C we obtain an intense white emission centered at 518 nm approximately that can be observed at naked eye when the sample is illuminated with the HeCd laser. Also a shoulder appears near 388 nm that can be attributed to the near band edge emission of ZnO [34] . The wide band centered at 518 nm can be deconvoluted into three sub-bands: a blue, a green and a red one. The blue band around 441 nm has been ascribed to transitions from a shallow donor associated with interstitial Zn in ZnO [35, 36] . The green band is centered at 504 nm and has been attributed to the deep level emission originated from the single ionized oxygen vacancy [11] . On the other hand, we think that the red band, centered at 610 nm, is due to the PS substrate. This red band is blue shifted compared to the one of the pristine PS substrate probably due the surface passivation of PS by the infiltration of ZnO. As we noted before, one possible explanation of the red emission of PS is the transition of carriers in oxygen-related localized gap states. The infiltration of ZnO inside PS could passivate the surface and remove this localized states recovering the own emission of the silicon nanocrystals. In the spectrum of sample D again a broad emission in the visible range can be seen, but in this case we observe that PS emission prevails over the ZnO luminescence, since the spectrum has the most intense emission around 678 nm as in virgin PS and the blue-green emission (originated from ZnO) is considerable smaller than the observed in sample C. This can be explained because in the case of sample D a smaller amount of ZnO is formed, as concluded from RBS measurements, and therefore the contribution of ZnO to the PL is smaller than the contribution of PS.
Conclusions
It was proposed a simple and novel procedure for preparing ZnO/PS composites with ZnO infiltrated inside the pores of sponge-like mesoporous silicon. The composite is formed by a Zn isothermal annealing of the PS films in a closed space configuration followed by humid Fitting the RBS spectrum allows one to determine the atomic concentration of the different elements present in the sample (X Zn , X Si and X O ) as well as the magnitude ∆, the areal density of the sample (proportional to the thickness). In order to obtain the thickness ( ) we use the following expression:
Where ̅ is the average atomic density, which can be calculated considering all the elements present in the sample.
It can be assumed that inside PS there is a mixture of Si, SiO 2 and ZnO formula units Since the average FUN density ̅ is equal to / we obtain the following expression for a compact (eq. A.6) and a porous sample (eq. A.7):
Now we need to determine the relation between ̅ and ̅ . In order to do that we will find the relation of the FUN fractions of ZnO, SiO 2 and Si ( , Finally, as the average atomic density is equal to ⁄ , using eq. A.11 we can find the relation between ̅ and ̅ : In the case of sample C, the three Gaussian components of the spectra are shown.
